Abstract Bariatric surgery was initially developed as a tool for weight reduction only, but it is gaining increasing popularity because of its remarkable effect on glucose metabolism in morbidly obese and less obese patients. Recent publications have shown the superiority of metabolic surgery over medical treatment for diabetes, creating a new field of clinical research that is currently overflowing in the medical community with outstanding high-quality data. Metabolic surgery is effective in treating diabetes, even in non-morbidly obese patients.
Introduction
During the past decades, the prevalence of type 2 diabetes (T2DM) in the United States has more than doubled, indicating an epidemic. Approximately 25.8 million Americans were diagnosed with diabetes (nearly 8.3 % of the population) in 2010, and by 2050, as many as one in three US adults could have diabetes [1 • , 2] . Furthermore, T2DM is the leading cause of kidney failure, nontraumatic lower-limb amputations, coronary heart disease, stroke, and visual impairment among adults in the United States [3] .
Aside from high morbidity and premature mortality, T2DM imposes a substantial burden on the economy because of its increasing medical costs and indirect costs, which are the result of work absenteeism, reduced productivity, and unemployment from chronic disability. In 2012, the American Diabetes Association (ADA) estimated that the total national cost of diabetes in the United States was $245 billion, of which more than 70 % represent direct health expenditures [1 • ]. This represents a 41 % increase compared with a previous estimate published in 2008 [4] . There is also a significant increase in the use of health resources by people with diabetes. For example, diabetics account for *25 % of all US hospital inpatient days, almost one-third of all nursing/resident facilities days, and approximately half of all physician offices, emergency departments, and hospital outpatient visits. An even worse scenario has been reported when analyzing data by age, in particular, the elderly [1 • ].
Several clinical trials [including the Diabetes Control and Complications Trial (DCCT) and the United Kingdom Prospective Diabetes Study (UKPDS)] have established that glycemic control is a major step to prevent microvascular complications. However, to prevent disease progression and cardiovascular disease, a broader management, focusing on lipids, blood pressure and glycemia, is necessary [5, 6] . Currently, the ADA recommends that most adults with T2DM achieve a glycated hemoglobin (A1c) below 7 %, blood pressure below 130 9 80 mmHg, and low-density lipoprotein (LDL) cholesterol levels below 100 mg/dL [7] .
For that purpose, new antidiabetic medications, such as glucagon-like peptide-1 (GLP-1) analogs and dipeptidyl peptidase-4 (DPP-4) inhibitors, have been developed. Nonetheless, diabetes control, which has improved in the last decade, remains elusive, despite the different treatment combinations that are now available. Less than 20 % of the North American population is able to achieve metabolic control (Table 1) [8, 9] .
Prospective longitudinal studies have shown that bariatric surgery is the most effective intervention for obesity and its associated diseases, in particular T2DM. Bariatric surgery reduces the long-term mortality rate of morbidly obese patients compared with medical treatment [10, 11] .
Improvement of metabolic control in the post-operative population was observed days or weeks after the surgical procedure, long before considerable weight loss, precluding a direct antidiabetic effect. Because of this finding, some procedures began to be considered as an option to treat less obese patients who have uncontrolled T2DM [12] .
The medical community is still skeptical when accepting surgery as a treatment modality for T2DM, particularly in less obese individuals, fearing a theoretical risk of nutritional complications. However, the full risk-benefit ratio of surgical versus medical approaches to treat T2DM has not been adequately ascertained until recently.
During 2012, data supporting surgery for diabetes has greatly increased. Two randomized controlled trials (RCTs) comparing bariatric surgery with medical therapy for T2DM were published, and both reported better glycemic control, T2DM remission, and reduction of cardiovascular risk factors after surgery, with an acceptable complication rate [13 
Despite these compelling results, additional hard data are required so that gastrointestinal surgery can be validated as an alternative therapy in uncontrolled diabetic patients with a lower body mass index (BMI). From a surgeon's point of view, we are on the right track as emerging clinical evidence is being reported on good metabolic outcomes regardless of patient's BMI.
Metabolic Surgery: Is the Name Important?
Initial reports often used the term diabetes surgery to define any gastrointestinal surgery that intended to treat T2DM. At that time, it appeared reasonable to differentiate diabetes surgery from bariatric surgery because their primary objectives were different (weight loss vs. glucose control), although surgical procedures were initially the same [15] .
A more recent concept emerged and the term metabolic surgery was adopted by field experts. This indicated that gastrointestinal surgery not only promotes good glucose control, but also promotes the control of metabolic illnesses, including hypertension and dyslipidemia [16] .
There is also a misconception that metabolic surgery is an investigational approach to nonobese diabetic patients and comprises experimental procedures that are limited to a few case series. Metabolic surgery is more involved than this definition. This is a new discipline in the field of gastrointestinal surgery, shifting its primary focus and indication criteria, allowing new types of procedures to be used and changing the way that outcomes are evaluated (Table 2 ) [17 • ]. More importantly, in pursuing mechanisms of actions related to metabolic control, metabolic surgery challenges the most skilled surgeon to go back to basic science. Pories's et al. [18] landmark paper about diabetes surgery suggested that an operation not only proves to be the most effect therapy for adult-onset diabetes mellitus, but also changes the way bariatric surgeons think.
Effects of Bariatric Surgery on Glycemic Control
Numerous data obtained from observational, nonrandomized, and randomized trials have demonstrated the safety and efficacy of gastrointestinal operations, mainly Rouxen-Y gastric bypass (RYGB), sleeve gastrectomy (SG), biliopancreatic diversion (BPD), and adjustable gastric banding in treating T2DM for morbidly obese and less obese patients [10, 11, 13 
Although glycemic control following adjustable gastric banding results solely from significant weight loss, other procedures promote glycemic control within weeks or even days following surgery [22] . This remarkable outcome results from mechanisms beyond reduced food intake and weight loss, precluding a direct antidiabetic effect.
Based on these results and others observed following bariatric surgery in terms of metabolic control in morbidly obese patients, several studies were conducted aiming to treat patients with a BMI below 35 kg/m 2 and uncontrolled metabolic diseases. As expected, good results regarding metabolic control were obtained without significant weight loss, particularly after RYGB [19, 20 • 
We recently published (20) the largest and longest-term study to date to examine the safety and efficacy of RYGB in T2DM patients with a BMI between 30 and 35 kg/m 2 . All patients were followed from 1 to 6 years (median 5 years). Main outcomes were safety and T2DM remission, defined as A1c \6.5 % without medication. All patients had uncontrolled T2DM, despite appropriate lifestyle modifications and use of antidiabetic medications and/or insulin for at least 1 year. The mean preoperative A1c was 9.7 % and the mean duration of disease was 12.5 years. T2DM remission was observed in 88 % of patients, with a significant reduction in A1c (9.7-5.9 %), despite cessation of diabetes medication in Our research group searched for an alternative type of procedure that could lead to none or mild weight loss and still achieve metabolic control in a population that, in theory, does not need massive weight loss. We pioneered duodenal-jejunal bypass (DJB) in clinical research. This procedure prevents direct contact between nutrients and the duodenum and proximal jejunum without any gastric restriction or exclusion [23] .
We performed a longitudinal prospective study of 36 diabetic patients with a mean BMI of 28.4 kg/m 2 who were submitted to DJB and full remission (A1c \7 %; fasting plasma glucose [FPG]\126 mg/dL) was achieved by 40 % of patients at 1-year of follow-up [24] .
Finally, a new tool for T2DM control was introduced. The DJB liner (DJBL) is an endoscopically-placed device, which prevents contact between partially digested nutrients and the proximal intestine. The DJBL mimics exclusion of the proximal bowel, which is a component of several effective metabolic surgeries [25] . Escalona et al. [26 • ] implanted the DJBL in 39 morbidly obese patients and found that all patients achieved good loss of excess body weight (47.0 ± 4.4 %) after 12 months. These patients also showed a significant improvement in waist circumference, blood pressure, total and LDL cholesterol levels, triglyceride levels, and FPG levels.
Cohen et al. [27 • ] recently published the only report in the literature regarding low-BMI T2DM. Sixteen of 20 subjects implanted with the DJBL completed the 1-year study (mean BMI of 30 kg/m 2 ). Ten of 16 subjects (62.5 %) who completed the study demonstrated A1c \7 % at week 52, and statistically significant lipid control was achieved (LDL and triglycerides). No significant correlations between changes in body weight and changes in FPG or A1c were observed. Based on the results of that study, the DJBL appears to reproduce some aspects of metabolic surgery in terms of its ability to improve A1c, FPG, and lipid parameters without a direct relation to weight modification. Interestingly, after some mathematical modeling of data extracted from an oral test after a mixed meal challenge glucose excursion, C-peptide deconvolution, and insulin curves, we found almost immediate, weight loss-independent improved insulin sensitivity after placement of the DJBL (unpublished data). Moreover, this effect was maintained throughout the year when the device was kept in place. No improvement in insulin secretion was observed. The DJBL appears to be an effective tool for metabolic control, allowing some potential associations with GLP-1 analogs and DPP-4 inhibitors because the device itself might not change insulin secretion. The DJBL is an outpatient-based endoscopic procedure that is associated with virtually no major complications. However, the main drawback of the DJBL is that its design is recommended for only 1 year of implantation. It also is pending FDA approval within the United States. The DJBL may be a good screening tool for the effectiveness of duodenal exclusion before a surgical procedure, or an excellent way to quickly improve glycemic and metabolic control in individuals with glucotoxicity and lipotoxicity who may need prompt, effective, and safe intervention. Well-designed RCTs are required to provide additional data showing that metabolic surgery may lead to better outcomes compared with standard clinical treatment. They are also required to test the efficacy and safety of metabolic surgery in treating low BMI diabetic patients. RCTs were performed by Schauer et al. [13 •• ] , who studied RYGB and SG, and by Mingrone et al. [14 •• ] , who analyzed RYGB and BPD, all of which were compared with standard medical therapy and lifestyle modifications (Table 3) . In a study not powered for lower BMIs, without specific details, Schauer et al. [13 • • ] showed better glycemic control (and better weight loss) in the surgical arms than the medical arm. In their study, which included morbidly obese patients, RYGB had similar results over glycemic control as SG.
More recently, Kashyap et al. [28 • ] published an extended follow-up (24 months) of the previous study. They found more durable glycemic control in the RYGB group, with a substantially greater number of patients to achieve an A1c \6 %, despite similar weight loss compared with SG. Lastly, RYGB had a greater effect on beta cell function and reduction of truncal fat compared with SG and medical management (Table 4) .
Mingrone et al. [14 • • ] also reported improved glycemic control in morbidly obese T2DM patients, as well as a reduction in cardiovascular risk factors, including dyslipidemia and hypertension, in the surgical arms compared with medical treatment. T2DM remission rates in the surgical group were dramatic, especially in the BPD group. Additionally, no correlation was observed between preoperative BMI, weight loss, and glucose control, which occurred within 15 days after surgery, preceding substantial weight loss.
Mechanisms
Several advances in understanding mechanistic aspects of metabolic surgery have been reported, supporting weight loss independent and even incretin independent antidiabetic effects of different operations. These advances are challenging the former pure foregut and hindgut theories and the major role of incretins over postoperative glycemic control [29, 30 • 
Breen et al. [31 • ] performed DJB in lean streptozotocininduced uncontrolled diabetes rats. Their results suggested that activation of jejunal nutrient-sensing mechanisms mediates the ability of DJB to rapidly lower glucose concentrations in insulin-deficient, uncontrolled diabetes, independently of weight loss. DJB normalized glucose concentrations independently of changing insulin levels, food intake, and body weight.
Jiao et al. [32 • ] performed DJB on obese, insulin-resistant Zucker fa/fa rats, and showed restoration of insulin sensitivity in liver and peripheral tissues independent of body weight. Restoration of normoglycemia was attributable to enhancement in key insulin-signaling molecules, including insulin receptor substrate-2, and substrate metabolism. This was achieved through a multifaceted mechanism involving activation of AMP-activated protein kinase and downregulation of key regulatory genes involved in lipid and glucose metabolism. In the study by Jiao et al., rapid normalization of hepatic gluconeogenic capacity and basal hepatic glucose production required intact vagal innervation. DJB selectively altered the tissue concentrations of intestinally derived glucoregulatory hormone peptides in a segment-specific manner. These data support the significance of vagal input and intestinal hormone peptides toward normalization of glucose and lipid homeostasis after DJB.
Salinari et al. [33 • ] tested the effects of proteins from duodenum to jejunum conditioned medium of db/db or Swiss mice on glucose uptake in vivo in Swiss mice and in vitro in Swiss mice (insulin sensitive) soleus and L6 Definition of remission FPG \100 mg/dL and A1c \6.5 % without meds A1c \6 % with or without meds T2DM remission 75 % RYGB, 95 % BPD, 0 % meds 42 % RYGB, 37 % SG, 12 % meds RYGB Roux-en-Y gastric bypass, BPD biliopancreatic diversion, SG sleeve gastrectomy, BMI body mass index, T2DM type 2 diabetes mellitus, A1c glycated hemoglobin, FPG fasting plasma glucose cells. They studied the effect of sera and conditioned medium proteins from insulin resistant and insulin-sensitive subjects on insulin signaling in human myoblasts. They found that jejunal proteins from db/db mice or from insulin resistant subjects impaired muscle insulin signaling, thus inducing insulin resistance. This study demonstrated that the small intestine of insulin-resistant humans and mice secretes a protein factor(s) inducing insulin resistance by impairing insulin signaling. This is a major advance towards the identification of a possible duodenal factor that may worsen insulin resistance in T2DM patients. Another important finding in that study is the lack of major importance of the role of GLP-1 after SG to promote improvement in glucose homeostasis and weight loss. GLP-1 secretion is greatly enhanced in rats and humans following some bariatric procedures, including SG. Wilson-Perez et al. [34] tested this hypothesis using two separate models of GLP-1 receptor deficiency. They found that SG-operated GLP-1 receptor-deficient mice responded similarly to wild-type controls in terms of body weight and body fat loss, improved glucose tolerance, food intake reduction, and altered food selection. These data demonstrate that GLP-1 receptor activity is not necessary for metabolic improvement induced by SG surgery, indicating that other mechanisms are involved in metabolic improvement after SG. Another important mechanism that might help understand the weight loss and metabolic improvement after RYGB was investigated by Liou et al. [35 • ]. They used a mouse model of gastric bypass surgery to characterize changes in the gut microbiota, both temporally and along the length of the gastrointestinal tract. Gastric bypass induced substantial, rapid, and sustained changes to the gut microbial communities. These changes were independent of diet and weight loss associated with this procedure. Transfer of the surgically altered microbial community to nonoperated, germ-free mice resulted in weight loss and decreased body fat. These observations show that specific alterations in the gut microbiota contribute to the beneficial effects of bariatric surgery on energy balance and obesity, and eventually metabolic control.
Balancing the Role of Weight Loss in T2DM Control and Cardiovascular Events
Lifestyle interventions to prevent T2DM have not avoided cardiovascular events, even with long-term follow-up [36, 37] . Sjöström et al. [38 •• ] , in the Swedish Obese Subjects study, a nonrandomized prospective study, concluded that bariatric surgery led to a reduced number of cardiovascular events and deaths compared with usual care. One of the most important findings in that study was the lack of a relation between BMI and cardiovascular mortality and/or events, while there was a strong correlation between fasting insulin levels and cardiovascular events/deaths. The Look AHEAD trial [39] has already shown that intensive lifestyle modification can induce significant improvements in other intermediate health indicators, such as body weight, fitness, blood pressure, glycemic control, and lipids. However, these improved risk factor profiles did not translate into lower rates of nonfatal myocardial infarction, nonfatal stroke, hospitalization for angina, or death compared with conventional diabetes treatment [40] . The Look AHEAD trial found that people who are obese and have type 2 diabetes can lose weight and maintain their weight loss with a lifestyle intervention. Although this study found that weight loss had many positive health benefits for people with T2DM, it did not reduce the number of cardiovascular events (this was the primary endpoint of that study), and therefore, it was halted (National Institutes of Health News, Oct 19, 2012 Look AHEAD fundamentally supports the idea that weight loss should not be considered as the means to reduce T2DM-associated cardiovascular disease, but rather as an added benefit to interventions aimed at improving diabetes (diet, surgery, etc.). Instead, weight loss should be considered as a means for achieving good metabolic [44] .
Conclusions
As was first proposed by the International Diabetes Federation in 2011, recent data now show the superiority of metabolic surgery compared with medical treatment for diabetes control. We believe that we are on the right track towards validating metabolic surgery as an option for uncontrolled, high cardiovascular risk, diabetic patients. However, some questions remain unanswered [44] , and new RCTs should attempt to answer the following questions. (1) How soon can we offer metabolic surgery in T2DM evolution? (2) Should we expand indications for metabolic surgery to more than BMI? (3) If so, what should be the additional parameters be? (4) Can we provide additional data regarding the benefits of surgery over medical treatment, such as microvascular disease resolution? (5) What are the mechanisms involved in glucose control? Will we be able to test them in clinical studies?
By answering those questions we should add metabolic surgery to future guidelines for T2DM treatment.
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